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Abstract

Nondestructive evaluation is widely applied for quality evaluation of cast metals

and inspection of composites and structural concrete. Concrete is a heterogeneous

mass of stone aggregates, cement paste and embedded steel rebars. The condition

of the bond between the rebar and the surrounding concrete is critical from the

strength point of view of the structure. Casting of concrete is an on-site process and

therefore the chances of occurrence of entrapped debonds around rebars are high,

e.g. due to honeycombing, air pockets or foreign inclusions. Slippage between the

rebar and the surrounding concrete may also occur during the service life of the

structure due to impact and local material degradation. Therefore, the development

of a nondestructive evaluation technique for the assessment of the bond condition of

rebars is extremely important and is the primary objective of this thesis.

We have applied ultrasonic imaging techniques to assess the bond condition of

rebars through numerical and experimental investigations, on cement mortar and

concrete media. Ultrasound is particularly sensitive towards the existence of cracks

and air-voids in concrete because of the significant mismatch between the acoustic

impedances of air and concrete. High frequency ultrasound (higher than 100 kHz) has

been used in this work to facilitate its interaction with the rebars, even though this

is not common for inspection of concrete. The problem of scattering of the incident

energy by the aggregates located in the travel path between the source and the rebar

is overcome by using a focused field to insonify a region of interest surrounding the

rebar. This results in good signal to noise ratio in the received signals, which are

used to reconstruct images of the medium.
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For the imaging part, two different algorithms namely the Synthetic Aperture Fo-

cusing Technique and the Reverse Time Migration have been explored in combination

with incident focused ultrasound. The Synthetic Aperture Focusing Technique is in

practice for nearly two decades for imaging of concrete, but the application of the

Reverse Time Migration algorithm is rather new in the field of Civil Engineering.

The images of concrete constructed by using both of these reconstruction algorithms

are able to differentiate between the debonded and bonded condition of the rebars.

Particularly, Reverse Time Migration generated the rebar images with superior reso-

lution, due to which the bond condition of the rebars could be identified more easily.

The computations related to the two dimensional simulations of elastic wave prop-

agation and image reconstruction schemes are coded in the MATLAB platform by

the author.

iv



Acknowledgments

I would like to thank all the people who have guided me so far. Thanks to my

family, whose support has made my life a joy. Thank you Mamta, for being the light

through all these years. And thank you to those professors and academic staff who

have motivated me toward something great.

I owe special thanks to my PhD supervisor Dr. Abhijit Ganguli, who has devoted

his time meticulously as a guide during all of the discussions and knowledge sharing

- be it on the thesis work, future career perspective or be it related to history and

culture. He has also given me a lot of encouragement to keep moving on all these

years. I am also thankful to Dr. Gurmail S. Benipal for his sharing of knowledge

during small random discussions on solid mechanics which have proven to be quite

beneficial, apart from his lectures. A word of thanks to Dr. D. R. Sahoo for his

directions and helpful assistance towards material handling and casting.

I would also like to thank my colleagues Gopinandan, Debdutta, Feyissa and

Naveen who have helped me, whenever I required, with dedication during the exper-

iments at various stages. The liberty of managing the lab hours was made possible

with due help from Nitin Chourasia, thanks to him. Thanks to the people in the

laboratory, Ramesh, Sanjay, Biri Singh, Lal Singh and others, who were quite handy

with arrangements during the preparation of the form-work and casting.

Thank you Pankaj for sharing the home made lunch, whenever I was not able

to manage for myself due to shortage of time. You have also taught me to practice

patience during odd times. Thank you Pawan for the dinner hours and nightly

discussions which have always kept me focused on my targets during this thesis.

v



At the end I would like to give a very special thanks to my under-graduation

teacher Dr. B. R. Chahar, who also introduced me to Dr. Ganguli at the right time.

Without his help I would have been almost undecided and lost.

(Surendra Beniwal)

vi



Contents

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Literature Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 Methods for NDE of Concrete Structures . . . . . . . . . . . . . . . 2

1.2.1.1 Ground Penetrating Radar . . . . . . . . . . . . . . . . . . 4

1.2.1.2 Impact Echo . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1.3 Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1.4 Guided Lamb Waves . . . . . . . . . . . . . . . . . . . . . . 7

1.2.1.5 Infrared Thermography . . . . . . . . . . . . . . . . . . . . 8

1.2.1.6 Other NDE Techniques . . . . . . . . . . . . . . . . . . . . 8

1.2.2 Ultrasound for NDE of Concrete . . . . . . . . . . . . . . . . . . . . 9

1.2.3 Imaging Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Gap in Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.3.1 Need for Enhanced Response of Rebar . . . . . . . . . . . . . . . . . 12

1.3.2 Need for Quick Imaging in ROI . . . . . . . . . . . . . . . . . . . . . 13

1.3.3 Need for a Debond Detection Modality . . . . . . . . . . . . . . . . . 13

1.4 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Scope of Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.6 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Ultrasonic Wave Propagation and Finite-Difference Simulations 17

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Wave Propagation in an Infinite Medium . . . . . . . . . . . . . . . . . . . . 18

vii



2.2.1 General Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 Waves in Homogeneous Medium . . . . . . . . . . . . . . . . . . . . 21

2.2.3 Compressional and Shear Waves . . . . . . . . . . . . . . . . . . . . 22

2.2.4 Wave Reflection Coefficient at Interfaces . . . . . . . . . . . . . . . . 24

2.3 Elastic Wave Modeling and Numerical Simulations . . . . . . . . . . . . . . 26

2.3.1 The Velocity-Stress Formulation . . . . . . . . . . . . . . . . . . . . 27

2.3.2 Finite-Difference Implementation . . . . . . . . . . . . . . . . . . . . 28

2.3.3 Numerical Concrete Medium . . . . . . . . . . . . . . . . . . . . . . 34

2.4 Modeling Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.1 Homogeneous Medium . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.4.2 Homogeneous Medium with Rebar . . . . . . . . . . . . . . . . . . . 39

2.4.3 Concrete Medium with Rebar . . . . . . . . . . . . . . . . . . . . . . 40

2.5 Focusing with Phased Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3 Imaging Techniques - I: SAFT 45

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 SAFT based Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.1 Imaging with FMC data . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2.2 Focused Ultrasound . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3 Results of Simulation based Study . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.1 Focused Ultrasound in Cement Mortar . . . . . . . . . . . . . . . . . 53

3.3.1.1 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.1.2 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3.2 Focused Ultrasound in Concrete . . . . . . . . . . . . . . . . . . . . . 57

3.3.2.1 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . 58

3.3.2.2 Generation of Synthetic Data . . . . . . . . . . . . . . . . . 58

3.3.2.3 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4 Imaging Techniques - II: RTM 65

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

viii



4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.1 Homogeneous Medium . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.3.1.1 Details of the Medium . . . . . . . . . . . . . . . . . . . . . 70

4.3.1.2 Simulation Experiment . . . . . . . . . . . . . . . . . . . . 70

4.3.1.3 The Reverse Time Migration . . . . . . . . . . . . . . . . . 72

4.3.1.4 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3.2 Heterogeneous Medium (Concrete) . . . . . . . . . . . . . . . . . . . 74

4.3.2.1 Simulation Model . . . . . . . . . . . . . . . . . . . . . . . 75

4.3.2.2 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . 75

4.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

5 Experimental Investigations 79

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2 Experimental Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2.1 Setup of Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.2.2 Experimental Test Media . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2.3 Velocity Determination . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.2.4 Data Acquisition and Storage . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Focusing using the FMC data . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.3.1 Construction of Focusing Action and Received Field . . . . . . . . . 86

5.3.2 Example from Experimental Data . . . . . . . . . . . . . . . . . . . 89

5.4 Application of SAFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.4.1 TFM based Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.4.2 SAFT based Imaging using Focused Ultrasound . . . . . . . . . . . . 93

5.4.2.1 Investigations in Cement Mortar . . . . . . . . . . . . . . . 94

5.4.2.2 Investigations in Concrete . . . . . . . . . . . . . . . . . . . 101

5.5 Application of RTM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.5.1 Details of Migration Model . . . . . . . . . . . . . . . . . . . . . . . 104

5.5.2 Results of RTM based Investigations . . . . . . . . . . . . . . . . . . 105

5.6 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

ix



6 Imaging using Scattered Elastic Wave Modes 111

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2 Imaging Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2.1 Method 1: Weighted Sum Technique . . . . . . . . . . . . . . . . . . 114

6.2.2 Method 2: Statistical Technique . . . . . . . . . . . . . . . . . . . . 115

6.3 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.4 Summary and Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

7 Conclusion 123

7.1 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.2 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

References 128

x



List of Figures

1.1 Wave based NDE techniques in concrete. . . . . . . . . . . . . . . . . . . . . 4

1.2 The principle of GPR and the received signal [25]. . . . . . . . . . . . . . . 5

1.3 The Impact Echo method [29]. . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Ultrasonic measurement setup in pulse-echo mode [4]. . . . . . . . . . . . . 7

1.5 Infrared thermography: The visual image (on left) and the processed infrared

image (on right) [17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1 Single mode reflection, refraction and direct arrival. . . . . . . . . . . . . . . 24

2.2 Staggered grid for 2D P-SV wave modeling. . . . . . . . . . . . . . . . . . . 29

2.3 A numerical concrete model with aggregates and rebar. . . . . . . . . . . . . 35

2.4 Homogeneous medium with free boundaries. . . . . . . . . . . . . . . . . . . 38

2.5 Wave propagation in a homogeneous medium. . . . . . . . . . . . . . . . . . 39

2.6 Model of a homogeneous medium with rebar. . . . . . . . . . . . . . . . . . 40

2.7 Interaction of the waves with rebar in homogeneous medium of Fig. 2.6 [a)

to c)] and in the concrete medium of Fig. 2.3 [d) to f)]. . . . . . . . . . . . . 41

2.8 Interaction of the focused ultrasonic field with rebar in homogeneous [a) to

c)] and concrete media [d) to f)]. . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 Data collection for inverse problem. . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 B-scan φo (xe, xr, t) observed in a medium with a single point scatterer, when

the medium is excited with an impulse function. The dark color corresponds

to high amplitude and the light background color represents zero amplitude. 48

xi



3.3 Conventional inspection with focused sub-arrays. After each scan, the next

set of elements are activated to scan the medium under the new sub-array.

The time delays in respective elements of sub-array are applied during both

the transmission and the reception. The procedure is similar to a pulse-echo

scan with a monolithic focused transducer of the size of the sub-array. . . . 52

3.4 Simulation model of cement mortar with (a) debonded rebar and (b) bonded

rebar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.5 Recorded B-scans corresponding to the incident focused field on the debonded

(a) and the bonded (c) rebars in the cement mortar medium. The enlarged

views of the rebar reflections are shown in (b) and (d) respectively. The

colorbar is unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.6 (a) and (b) SAFT generated images of the medium shown in Fig. 3.4; (c)

Image intensity plots through the rebar locations; (d) shifted image intensity

plots. The colorbar is unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.7 Simulation model of concrete having five embedded rebars [72]. The rebars

on top left (#1) and the central rebar (#4) are debonded. The sizes of the

rebars are indicated in mm units. . . . . . . . . . . . . . . . . . . . . . . . . 58

3.8 The input signal [72] used in the forward simulations in the numerical con-

crete medium of Fig. 3.7 in time domain (on the left) and in frequency

domain (on the right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.9 The snapshots of the propagating wavefield towards the rebar #5, showing

the focusing action [72]. (a)-(b) The converging wavefront, (c) interaction

with rebar #5 and (d) the reflected wave from the rebar. The colorbars have

units of velocity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.10 (a)-(e) SAFT generated images of the medium shown in Fig. 3.7; (f) Image

intensity plots through the top two rebars in the SAFT generated images.

The colorbar is unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.11 Image intensity plots through the three rebar in the bottom layer (refer to

Fig. 3.10). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1 Schematic representation of RTM based image reconstruction [87]. . . . . . 66

xii



4.2 The polyamide medium with circular duct. . . . . . . . . . . . . . . . . . . . 71

4.3 The FD model used in the simulation of polyamide. . . . . . . . . . . . . . . 71

4.4 RTM image of the polyamide medium. The colorbar has units of velocity. . 73

4.5 TFM image of the polyamide medium. The colorbar is unitless. . . . . . . . 74

4.6 Simulation model of concrete used in the RTM investigations [72]. This model

is the same as in Fig. 3.7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.7 RTM images of the medium shown in Fig. 4.6, using focused incident field

on respective rebars [72]. The colorbars are unitless. . . . . . . . . . . . . . 76

5.1 Typical experimental setup for ultrasonic data acquisition. . . . . . . . . . . 80

5.2 (a) Cast block of cement mortar; (b) The placement of the rebars and debond

in plan view [96]. The central rebar has a thick (5 mm) debond in the middle

and thin (sub millimeter) debond on either side. The three linear apertures

used for the ultrasonic data acquisition are also shown. . . . . . . . . . . . . 81

5.3 Cast block of concrete with five rebars. (a) Formwork before casting, (b) just

after casting concrete, and (c) the cast specimen under ultrasonic scanning

[72]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.4 Typical B-scan acquired by moving the source-reciever pair on the top surface

of concrete; maintaining a fixed distance of 70 mm between the source and

the receiver. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.5 Storing the receiver A-scans in a full matrix capture (FMC) scheme. . . . . 84

5.6 Schematic of the evaluation procedure of concrete. . . . . . . . . . . . . . . 85

5.7 Focusing using the FMC data . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.8 Construction of the A-scan at the j = 16th receiver (using FMC data),

corresponding to the focused incident field at rebar #1 in aperture #3 of

the concrete block. (a) Acquired A-scans at the receiver, (b) time delayed

A-scans, and (c) summed up A-scan at the receiver position. . . . . . . . . . 90

5.9 (a) Time domain and (b) frequency domain receiver B-scans in the respective

apertures of the concrete block for a focused ultrasonic field incident on rebar

#1 [72]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

xiii



5.10 TFM images of cement mortar block (top row) projected in the three aperture

planes in Fig. 5.2; and the details of the block in the respective apertures

(bottom row). The colorbar is unitless. . . . . . . . . . . . . . . . . . . . . . 92

5.11 TFM images of concrete block (top row) projected in the three aperture

planes in Fig. 5.3; and the details of the block in the respective apertures

(bottom row). The colorbar is unitless. . . . . . . . . . . . . . . . . . . . . 93

5.12 (a)-(c) SAFT generated images of cement mortar block in the Aperture #1,

and (d) shows the TFM image. The colorbars are unitless [96]. . . . . . . . 94

5.13 (a)-(c) SAFT generated images of cement mortar block in the Aperture #2,

and (d) shows the TFM image. The colorbars are unitless [96]. . . . . . . . 96

5.14 (a)-(c) SAFT generated images of cement mortar block in the Aperture #3,

and (d) shows the TFM image. The colorbars are unitless [96]. . . . . . . . 96

5.15 SAFT generated images of cement mortar in the ROI surrounding the rebars,

using small sized arrays [96]. . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.16 Images of the same rebar (in the ROI) placed at the deviated positions of the

focal locations. The center of the rebar is at x = 200, y = 170 mm. These

images have been extracted from the normalized plots of the medium [96]. . 100

5.17 Variations of image intensity at the center of the rebar with (a) axial and (b)

lateral deviations of the focal location [96]. . . . . . . . . . . . . . . . . . . . 100

5.18 (a)-(e) SAFT generated images in the ROIs in the Aperture #1 of the con-

crete block. Only the bottom central rebar (#4) is debonded in this aperture.

The colorbars are unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.19 (a)-(e) SAFT generated images in the ROIs in the Aperture #2 of the con-

crete block. All of the rebars are healthy (bonded) in this aperture. The

colorbars are unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.20 (a)-(e) SAFT generated images in the ROIs in the Aperture #3 of the con-

crete block. Only the top left rebar (#1) is debonded in this aperture. The

colorbars are unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.21 Velocity model in the RTM using experimental data. . . . . . . . . . . . . . 104

5.22 RTM generated image of the concrete block in the aperture #1 [72]. The

colorbars are unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

xiv



5.23 RTM generated image of the concrete block in the aperture #2 [72]. The

colorbars are unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.24 RTM generated image of the concrete block in the aperture #3 [72]. The

colorbars are unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.25 RTM generated images of the rebars within the surrounding ROIs in concrete.

The 100 × 100 mm sized images have been extracted from the Figs. 5.22

through 5.24. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.26 SAFT generated images of the rebars within the surrounding ROIs in con-

crete. The 100 × 100 mm sized images have been extracted from the Figs.

5.18 through 5.20. Compare with the corresponding RTM images in 5.25. . 109

6.1 The pixelated domain and the arrangement of array elements along with the

incident compressional waves denoted by C, reflected compressional mode

CC and the reflected shear mode denoted by CS [103]. . . . . . . . . . . . . 113

6.2 Images of the concrete block (shown in Fig. 5.3) using (a) reflected CC and

(b) mode converted CS elastic modes. The images generated by using (c) the

weighted sum technique and (d) the statistical technique. The colorbars are

unitless. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.3 Back side of the concrete block. . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.4 Images of the concrete block (Fig. 6.3) using (a) reflected CC and (b) mode

converted CS elastic modes. The images generated by using (c) the weighted

sum technique and (d) the statistical technique. The colorbars are unitless. 119

6.5 Performance improvement of the proposed weighted sum (a and c) and sta-

tistical techniques (b and d) over the reflected CC and the mode converted

CS arrival based imaging. The plots in (a) and (b) correspond to the top

layer with three rebars; and the plots in (c) and (d) correspond to the bottom

layer with two rebars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7.1 Flowchart showing the steps involved in the debond detection of rebars using

incident focused ultrasound and SAFT/RTM. . . . . . . . . . . . . . . . . . 124

7.2 Flowchart showing the steps involved in the two imaging techniques using

the scattered elastic wave modes. . . . . . . . . . . . . . . . . . . . . . . . . 125

xv



List of Tables

2.1 Properties of the medium in Fig. 2.3 . . . . . . . . . . . . . . . . . . . . . . 37

3.1 Parameters used in the simulation . . . . . . . . . . . . . . . . . . . . . . . 54

3.2 Details of the simulation model. . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.3 Parameters used in the simulation . . . . . . . . . . . . . . . . . . . . . . . 59

3.4 Details of the simulation model. . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1 Details of the model for generating synthetic data. . . . . . . . . . . . . . . 72

5.1 Parameters used in RTM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

xvii



Symbols

Symbol Definition

aij Recorded signal corresponding to i-th source and j-th receiver

a Major axis of ellipse

A A-scan signal

cy, cx Coordinates of center of ellipse

C Cross-correlation function; Image intensity, CC mode waves

e Dilatation; Ratio of minor to major axis of ellipse

E Position vector of Emitter/source

f Frequency; Modified reflectivity

F Impulse function

F Position vector of focus point

fi Body force per unit volume, in i-th direction

G Green’s function
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